-Huntington's disease (HD), a neurodegenerative disorder caused by mutant huntingtin, is characterized by a catabolic phenotype. To determine the mechanisms underlying muscle wasting, we examined key signal transduction pathways governing muscle protein metabolism, apoptosis, and autophagy in R6/2 mice, a well-characterized transgenic model of HD. R6/2 mice exhibited increased adiposity, elevated energy expenditure, and decreased body weight and lean mass without altered food intake. Severe skeletal muscle wasting accounted for a majority of the weight loss. Protein synthesis was unexpectedly increased 19% in gastrocnemius muscle, which was associated with overactivation of basal and refeeding-stimulated mammalian target of rapamycin (mTOR) signaling, elevated Akt expression and Ser 473 phosphorylation, and decreased AMPK Thr 172 phosphorylation. Moreover, mRNA abundance of atrogenes muscle ring finger-1 and atrophy F-box, was markedly attenuated during fasting and refeeding, and the urinary excretion of 3-methylhistidine was decreased, arguing against a role for the ubiquitin proteasome-mediated proteolysis in the atrophy. In contrast, mRNA expression of several caspase genes and genes involved in the extrinsic or intrinsic apoptotic pathway, caspase-3/7, -8, and -9 activity, protein abundance of caspase-3 and -9, Fas, and Fadd, and cytochrome c release were elevated. Protein expressions of LC3B-I and -II, beclin-I, and atg5 and -7 in muscle were upregulated. Thus, mutant huntingtin in skeletal muscle results in increased protein synthesis and mTOR signaling, which is countered by activation of the apoptotic and autophagic pathways, contributing to an overall catabolic phenotype and the severe muscle wasting.
mammalian target of rapamycin; protein synthesis; proteolysis; autophagy; apoptosis HUNTINGTON'S DISEASE (HD) is a progressive, neurodegenerative movement disorder caused by expanded polyglutamine repeats of the mutated huntingtin (mHtt) protein. Ubiquitous mHtt expression causes lesions not only in specific brain areas but also in peripheral tissues, including skeletal and cardiac muscle, pancreatic ␤-cells, adipcytes, and blood cells (23, 37, 40, 42, 45) . In both peripheral tissues and neurons, mHtt causes accumulation of intracellular protein aggregates, impairment of energy metabolism, transcriptional deregulation, and programmed cell death (10, 48) . HD patients lose weight, despite normal or even elevated food intake, and weight loss in HD patients and animal models is associated with increased energy expenditure and global muscle wasting, independent of locomotor activity (21, 59 ). The atrophic muscle phenotype is progressive in R6/2 mice (45) . Metabolic profiling studies have reported decreased plasma branched-chain amino acids (BCAAs, including leucine, isoleucine, and valine) and insulin-like growth factor I (IGF-I) and increased plasma glucocorticoid levels in either HD patients or transgenic mice (6, 21, 30, 41) . Collectively, these findings suggest that HD exhibits a catabolic phenotype. Moreover, metabolic alterations occur in the early stage of HD, preceding symptom onset, suggesting that the procatabolic state of HD may directly contribute to the disease progression (58) .
Although the catabolic phenotype of HD is apparent, the underlying mechanisms for the erosion of lean body mass are not yet fully understood. Muscle atrophy is a comorbidity observed in catabolic diseases and conditions such as cancer, acquired immune deficiency syndrome, congestive heart failure, chronic obstructive pulmonary disease, renal failure, severe burns, sepsis, denervation, and disuse (20) . Patients who have cachexia in these disease settings have a poor prognosis. Skeletal muscle is predominantly composed of structural proteins, i.e., myofibrils, and the major mechanism to maintain muscle mass is through the regulation of protein synthesis and degradation. Theoretically, a change in the normal balance between protein synthesis and protein degradation, i.e., a diminished protein synthesis and/or enhanced proteolysis, can lead to loss of muscle mass. The mammalian target of rapamycin (mTOR) signaling pathway, which is activated by nutrients, especially leucine, and hormones/growth factors such as insulin and IGF-I, regulates global protein synthesis (50) . The protein degradation pathway responsible for much of the muscle atrophy is the ATP-dependent ubiquitin proteasome system (UPS) (7, 28, 60) . Myofibrillar proteins are degraded primarily by the UPS (3, 12, 19, 54) . However, this traditional view of the regulation of skeletal muscle mass has been recently challenged; i.e., muscle mass homeostasis likely proceeds via coordinated regulation of myocyte growth, differentiation, degeneration, and regeneration by a complex web of intricate signaling networks (46) . Although the cause-effect relationship has not yet been established, selective activation of apoptotic pathways and a progressive impairment of regenerative mechanisms to replace damaged muscle are common characteristics of muscle atrophy seen in aging and a variety of catabolic diseases (2, 33, 46, 63) . Additionally, the lysosomal proteolytic system (i.e., macroautophagy) may also be stimulated under conditions leading to muscle atrophy (5) . Thus, the exact cellular and molecular mechanisms underlying muscle atrophy may differ among diseases and conditions. The objective of this study was to determine the cellular signaling mechanism(s) responsible for skeletal muscle atrophy in R6/2 mice. We measured body composition and oxygen consumption (V O 2 ) at different ages during the disease progression and examined signaling pathways controlling protein synthesis, UPS, apoptosis, and autophagy. Contrary to expectations, mTOR signaling activation and protein synthesis rate were significantly increased in skeletal muscle of R6/2 mice, consistent with the observed increases in Akt and decreased AMPK phosphorylation. Furthermore, muscle mRNA expression of key UPS genes was downregulated, and the urinary concentration of 3-methylhistidine (3-MH), a surrogate marker of UPS-mediated proteolysis, was decreased in these mice. In contrast, apoptotic signaling events from the intrinsic mitochondrial and the extrinsic death receptor-associated pathways as well as signaling components of autophagy were markedly elevated in muscle of these animals. Therefore, our data suggest that elevated apoptotic and autophagic signaling contribute to the severe muscle wasting seen in HD.
MATERIALS AND METHODS

Animals and treatments.
All animal experiments were approved by the IACUC at The Pennsylvania State University College of Medicine. Tg(HDexon1)62Gpb(ovary transplanted) female and B6CBAF1/J male mice ordered from Jackson Laboratories were bred to generate R6/2 transgenic mice and wild-type (WT) littermates for experiments. The R6/2 mouse is a severe and acute model of HD with motor and cognitive abnormality exhibited before 6 wk of age (8, 36) . All mice were on the C57BL6/CBA mixed background. Mice at 3-4 wk of age were weaned and genotyped using a standard PCR protocol described on the Jackson's Laboratories website. The CAG repeat length in tail DNA samples was analyzed using the services of Laragen (Los Angeles, CA), and R6/2 mice with an average CAG size of 123 (108 -131) were used for studies. All mice were maintained in an enriched environment according to the guidelines of Psychogenics Best Practices Protocols and housed in groups of up to five per cage (mixed genotypes, single sex) in a temperature-(ϳ21°C) and humidity-controlled environment with a 12:12-h light-dark cycle. Mice were provided free access to extended water spouts and diet pellets made from powdered wet normal chow (2018; Harlan Laboratories, Madison, WI). For signaling experiments (mRNA and protein expression), both male and female mice were used at the age of 11-12 wk when muscle atrophy was severe. Mice were anesthetized (Nembutal, 70 mg/kg) under conditions of randomly fed, fasted for 6 h, or refed for 3 h after a 21-h fast starting at 8 AM. Gastrocnemius and quadriceps muscles were collected and immediately freeze-clamped in liquid nitrogen and stored at Ϫ80°C. Mice were then euthanized by heart excision.
Energy expenditure, locomotor activity, and body composition. V O2, respiratory quotient (RQ), and locomotor activity were measured using indirect calorimetry (Oxymax; Columbus Instruments, Columbus, OH) and infrared technology as previously described (51) . Male R6/2 and WT mice at 4, 8, and 12 wk of age were placed in an indirect calorimeter to measure V O2, RQ, and locomotor activity for 24 h, and values during light and dark phases were calculated. Longitudinal changes in body composition were tracked noninvasively in conscious animals by use of a 1 H-NMR analyzer (Bruker LF90 proton-NMR Minispec; Bruker Optics, Woodlands, TX) for rapid measurement of total body fluid and lean and adipose tissue mass according to the manufacturer's manual. Body weight-normalized daily food intake was measured in individually housed male mice at 7-8 wk of age for a period of 1 wk.
Protein synthesis and degradation. Rates of protein synthesis in 11-to 12-wk-old randomly fed male mice were measured using the flooding-dose method to assess the incorporation of radioactive phenylalanine into protein, as previously described (51) . As an index of protein degradation, 24-h urine samples were collected from 8-to 10-wk-old male mice by means of a mouse metabolic cage (Nalgene Labware, Rochester, NY), and 0.5 ml of urine was prepurified in a column filled with ion exchange resin Dowex 50Wx8 -400 mesh (62) . Acid and neutral amino acids were eliminated with 0.2 M pyridine, and 3-MH was eluted with 1.5 M pyridine and then measured using an amino acid analyzer (Biochrom, Cambridge, UK), which used a cation exchange column with post-column ninhydrin. Urinary creatinine was measured using a colorimetric detection kit (Enzo Life Sciences, Plymouth Meeting, PA), and the molar 3-MH/creatinine ratio was calculated.
Cytosolic and mitochondrial fractions of skeletal muscle. Isolation of cellular fractions from skeletal muscle was performed as described (68) . Approximately 100 mg of the fresh left quadriceps was first minced in 1:5 (wt/vol) ice-cold lysis buffer consisting of (in mM) 20 HEPES (pH 7.5), 250 sucrose, 140 KCl, 2 MgCl, 2.1 EDTA, 1 EGTA, 1 ABSF, 1 DTT, 2.5 ATP, 1 g/ml aprotinin, 1 g/ml leupeptin, 1 g/ml pepstatin, and 0.01% protease inhibitor cocktail and then homogenized on ice in a polytron homogenizer with low speed and centrifuged for 10 min at 1,000 g at 4°C to pellet cellular debris and nuclei. The supernatant was collected and further centrifuged for 15 min at 14,000 g at 4°C. The resulting supernatant, representing the mitochondria-free cytosolic fraction, was collected and stored at Ϫ80°C. The mitochondrial pellet was twice resuspended in 1.5 ml of ice-cold lysis buffer and centrifuged for 15 min at 14,000 g at 4°C. The supernatant was decanted, and the mitochondrial pellet was resuspended in 50 l of lysis buffer and stored at Ϫ80°C for Western analysis using an antibody for cytochrome c (BioLegend, San Diego, CA).
Caspase activity assay. Randomly fed male and female R6/2 and WT mice at 12 wk of age were euthanized, and powdered gastrocnemius muscle was homogenized using a polytron at a low speed for 2 ϫ 15 s in 650 l of ice-cold lysis buffer (20 mM HEPES, pH 7.5, 250 mM sucrose,140 mM KCl, and 2 mM MgCl). After being centrifuged at 10,000 g in 4°C for 10 min, the supernatant was used for determining caspase-3, -8, and -9 activity using Caspase-Glo 3/7, 8, and 9 assay systems (Promega, Madison, WI), respectively. Fold changes of caspase activity between the two groups were normalized to measured protein concentrations.
mRNA expression using qRT-PCR array and ribonuclease protection assay. Total RNA was isolated from gastrocnemius using combined reagents of TRIzol (Invitrogen, Carlsbad, CA) and an RNeasy kit (Qiagen, Valencia, CA) as previously described (35) . The quality of RNA samples was verified by measuring the A 260-to-A280 ratio (Ͼ1.8) and by electrophoresis on a BioAnalyzer using an RNA 6000 Nano LabChip (Agilent, Santa Clara CA). A PCR array kit focused on mouse apoptosis pathway (SAbiosciences, Frederick, MD) was used to measure mRNA expression of genes involved in apoptosis. Synthesis of first-strand cDNA, performance of real-time RT-PCR, and data analysis were carried out following the manufacturer's manual. Total RNA samples from two mice were pooled for each array in each 96-well plate, and four separate arrays were performed for each genotype. A web-based PCR array data analysis program provided by the company was used to calculate fold changes and P values using Student's t-test. For ribonuclease protection assay, riboprobes were synthesized from a multiprobe mouse cytokine template set (rCK-1; Pharmingen, San Diego, CA) using an in vitro transcription kit (Pharmingen). Primer sequences for muscle ring finger-1 (MuRF1) and muscle atrophy F-box (MAFbx) have been reported (32) . The labeled riboprobe was hybridized with RNA overnight using a ribonuclease protection assay. Protected RNAs were separated using a 5% acrylamide gel, and dried gels were exposed to a PhosphorImager screen (Molecular Dynamics, Sunnyvale, CA). The resulting data were quantified using ImageQuant and normalized to L32.
Western blot analysis. Aliquots of frozen powdered tissues were homogenized on ice in 3-7 volumes of a phospho-preserving, ice-cold homogenization buffer consisting of (in mmol/l) 20 HEPES (pH 7.4), 2 EGTA, 50 sodium fluoride, 100 KCl, 0.2 EDTA, 50 ␤-glycerophosphate, 1 DTT, 0.1 phenylmethanesulfonylfluoride, 1 benzamidine, and 0.5 sodium vanadate. Protein concentration was determined after centrifugation, and equal amounts of protein were resolved by electrophoresis and then transferred to PVDF membranes. The membranes were then immunoreacted with antibodies against S6K1, 4E-BP1, (Bethyl Laboratories, Montgomery, TX), procaspase-9 and -3, mTOR, pS2448-mTOR, pT389-S6K1, AMPK, pT172-AMPK, Akt, pS473-Akt, LC3B, beclin-I, atg5, atg7, GAPDH, and ␣-tubulin, (Cell Signaling, Danvers, MA), FAS and FADD (Santa Cruz Biotechnology, Santa Cruz, CA). To check for protein expression of regular internal house genes and to equalize protein loading, GAPDH, ␣-tubulin, or Ponceau S staining were used.
Electron microscopy and TUNEL assay. The gastrocnemius was collected from two 12-wk-old male R6/2 and two WT mice, and tissue fixation and procession for electron microscopy were performed as previously described (52) . The sections were examined in a JEM-1400 transmission electron microscopy (JEOL, Tokyo, Japan). The terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay was performed on sections (n ϭ 5/mouse group of 7-8 wk of age) of routine paraformaldehyde-fixed, paraffin-embedded gastrocnemius by using the basic protocol in the DeadEnd TUNEL kit (Promega) with biotin-UTP followed by streptavidin-HRP (Jackson Immunoresearch, West Grove, PA), and counterstained with hematoxylin.
Statistical analysis. A two-tailed nonpaired t-test was used to assess the difference between two groups. A one-way ANOVA or repeatedmeasures ANOVA with a Newman-Keuls posttest was used to analyze data obtained from more than two groups or multiple time points. Values are means Ϯ SE. P Ͻ 0.05 was considered significantly different.
RESULTS
age-dependent alterations in body weight, fat and lean mass, organ weight, and energy expenditure in r6/2 mice. An NMR minspec analyzer was used to assess body composition in both male and female mice at 4, 8, 10, and 12 wk of age. The growth curves of WT and R6/2 mice diverged at week 8, when the motor dysfunction phenotype appeared (Fig. 1A) . In WT mice, body weight gradually increased over the 12 wk of age in females (P Ͻ 0.05 between any time points) and plateaued at week 10 in males. In both male and female R6/2 mice, body weight was greater at week 8 than at week 4 (P Ͻ 0.05) but did not differ between weeks 8, 10, and 12. Compared with WT mice, body weights at week 12 were 13 and 15% lower in male and female R6/2 mice, respectively. In parallel with body weight loss, absolute lean mass (Fig. 1B ) and its percentage of the total body weight [Supplemental Tables S1 and S2 (supplementary materials are found in the online version of this paper at the Journal website)] were lower in R6/2 than in WT mice, with a greater difference at an older age (18 and 12% lowered lean mass at week 12 in males and females, respectively). In contrast, fat mass and its percentage (Supplemental Tables S1 and S2) were higher in R6/2 mice (Fig. 1C) . Compared with WT mice, there was a 40% increase in fat mass in male R6/2 mice even at week 4 and a 163% increase in female R6/2 mice at week 8. However, the fat mass at week 12 in female R6/2 mice was diminished 40% of its peak value at week 8 and was lower than in WT mice. These results indicate that both male and female R6/2 mice gained a significant amount of fat mass at an early age and then started to lose body weight and lean mass. Female R6/2 mice also lost fat mass as the disease progressed.
We also measured organ weights of male mice euthanized at week 12 (Fig. 1D) . The body weight-normalized masses of gastrocnemius and quadriceps muscles were 28 and 24% lower, respectively, whereas epididymal fat weight was 41% higher in R6/2 mice compared with WT mice. The absolute weights of gastrocnemius and quadriceps muscles were 38 and 33% lowered, respectively, in R6/2 mice. There was a tendency for decreased heart weight in R6/2 mice; however, when normalized to the prevailing body weight, the weights of liver, kidney, and brain did not differ between the two groups. These data indicate that R6/2 mice exhibited severe muscle wasting, which contributed to, but was disproportionately larger than, the loss of body weight.
Using indirect calorimetry, we measured energy expenditure in male mice at 4, 8, and 12 wk of age. V O 2 expressed relative to body weight did not differ between R6/2 and WT mice (data not shown). Since fat tissue has a lower metabolic rate and thereby makes a smaller contribution to whole-body V O 2 compared with the other tissues, we normalized V O 2 to lean body mass. Even at 4 wk of age, dark-phase V O 2 was ϳ9% higher in R6/2 than in WT mice (supplemental Fig. S1A ). At week 8, light-and dark-phase V O 2 per lean mass weight was 14 and 18% higher in R6/2 mice ( Fig. 2A) . At week 12, light-and dark-phase V O 2 per lean mass weight was 28 and 17% higher compared with WT controls (Supplemental Fig. S1A ).
We then quantified locomotor activity and found no differences between the two groups of mice at weeks 8 and 12, except that the activity was slightly increased during the light phase in R6/2 mice at week 12 ( Fig. 2C and Supplemental Fig.  S1C ). Thus, increased locomotor activity does not appear to contribute significantly to the elevated energy expenditure in these mice. Food intake did not differ between R6/2 and WT mice (Fig. 2D) . Thus, a negative energy balance from elevated energy expenditure may lead to body weight loss. Dark-phase RQ in 4-and 8-wk-old R6/2 mice and light-phase RQ in 12-wk-old R6/2 mice were significantly lower than those in WT littermates ( Fig. 2B and Supplemental Fig. S1B ), suggesting that, compared with WT controls, R6/2 mice oxidized less carbohydrate as a fuel despite greater body fat accumulation in these animals.
Elevated protein synthesis and mTOR signaling in skeletal muscle of R6/2 mice. To explore the underlying mechanisms of severe muscle wasting in R6/2 mice, we assessed protein synthesis directly and proteolysis indirectly in these animals. We measured the incorporation of radiolabeled phenylalanine into muscle protein to determine the protein-synthetic rate. Unexpectedly, the in vivo-determined rate of protein synthesis in randomly fed mice was 19% higher in gastrocnemius of 12-wk-old R6/2 mice than in WT controls (Fig. 3A) . In contrast, protein synthesis was unaltered in liver, brain, and kidney in R6/2 mice and decreased in liver and epididymal fat (Supplemental Fig. S2 ).
Protein synthesis is regulated in part by the mTOR signaling pathway, which is activated by growth factors such as insulin and IGF-I as well as nutrients such as amino acids, especially leucine, the concentrations of which rise during feeding. We first examined mTOR signaling after a 6-h fast. The ratio of the hyperphosphorylated ␥-isoform of 4E-BP1 to total 4E-BP1 was higher in muscle of R6/2 mice than in WT mice (Fig. 3B) . Total 4E-BP1 protein level, which was normalized to GAPDH, was also increased 74% in R6/2 mice compared with WT mice. These data suggest an elevated basal level of mTOR signaling in skeletal muscle of R6/2 transgenic mice at 12 wk of age.
Protein synthesis and mTOR signaling are robustly stimulated during the transition from fasting to refeeding. To avoid the variations of mTOR signaling in randomly fed mice, we next measured mTOR signaling in response to refeeding after a period of food deprivation. Twelve-week-old male mice were fasted for 21 h and then refed for 3 h, and muscle was collected for Western analysis. Both total mTOR protein level and the ratio of phosphorylated to total mTOR were ϳ65% higher in R6/2 than in WT mice (Fig. 3C) . The ratios of ␥-isoform to total 4E-BP1 as well as to total 4E-BP1 protein level were ϳ30% higher in R6/2 than in WT mice after refeeding (Fig.  3D ). Although total S6K1 protein level did not differ (data not shown), the ratio of phosphorylated to total S6K1 was 2.8-fold higher in R6/2 than in WT mice (Fig. 3E) . While basal mTOR signaling after a 21-h fast was slightly higher in R6/2 mice (data not shown), these data clearly demonstrated that, in response to refeeding, mTOR signaling activation was significantly enhanced in R6/2 mice. Furthermore, we measured mTOR signaling in response to insulin and leucine treatment in mice after an overnight fast and found that mTOR activation with both treatments was greater in R6/2 mice (data not shown). Collectively, these data indicate that overactivation of mTOR signaling is likely responsible for the increased protein synthesis detected in skeletal muscle of R6/2 mice.
Alterations in Akt and AMPK signaling in skeletal muscle of R6/2 mice. mTOR activation is potently stimulated by the insulin/IGF receptor-PI3K-Akt signaling cascade but inhibited by AMPK through the TSC1/2-Rheb-mTORC-1 interactions (24, 50). We therefore examined Akt protein expression and Ser 473 phosphorylation in gastrocnemius of randomly fed R6/2 mice (Fig. 4A) . Akt protein expression and Ser 473 phosphorylation were both twofold higher in R6/2 than in WT mice, suggesting increased Akt activity in muscle of R6/2 mice. We also examined the expression and phosphorylation of AMPK, a key cellular energy sensor, in quadriceps muscle of randomly fed R6/2 mice (Fig. 4B ). While total AMPK protein level was unaltered, Thr 172 phosphorylation of AMPK was decreased by 67% in muscle of R6/2 mice compared with WT mice, suggesting a marked decrease of AMPK activity. Thus, the elevated Akt activity but decreased AMPK activity is consistent with elevated mTOR signaling in muscle of R6/2 mice.
Diminished urinary 3-MH excretion and attenuated mRNA expression of atrogenes in skeletal muscle of R6/2 mice.
Skeletal muscle consists of major myofibrillar proteins such as ␣-actin and myosin, which contain a unique amino acid, 3-MH. When proteolysis of these proteins is elevated, the release of 3-MH into the circulation and its excretion into urine is increased. The urinary excretion of 3-MH is therefore used as a surrogate marker of muscle proteolysis. Creatinine is a breakdown product of creatine phosphate in muscle and is usually produced at a constant rate in a muscle mass-dependent manner. It is excreted into urine with little reabsorption by the kidney. Thus, the molar ratio of 3-MH to creatinine is a recognized index of muscle proteolysis (72) . We found that the 24-h amounts of 3-MH and creatinine were 41 and 20% lower in R6/2 than in WT mice, respectively (Supplemental Fig. S3) . The decreased creatinine level is consistent with decreased muscle mass in these mice. Although the 3-MH/creatinine ratio was not statistically different between the two groups of mice (P Ͻ 0.18; Fig. 5A ), there was a trend for a decrease in R6/2 , and locomotor activity (C) measured in 8-wk-old mice and food intake (D) measured in 7-to 8-wk-old mice. *P Ͻ 0.05, R6/2 vs. WT mice, n ϭ 8/group in A-C; n ϭ 10/group in D. Fig. 3 . Elevated protein synthesis and mammalian target of rapamycin (mTOR) signaling in skeletal muscle of R6/2 mice. A: elevated protein synthesis rate in gastrocnemius of 12-wk-old male mice. *P Ͻ 0.05, R6/2 vs. WT mice, n ϭ 10/group. B: Western blot analysis of eIF4E-binding protein-1 (4E-BP1) in gastrocnemius of 12-wk-old male mice fasted for 6 h, and ratio of hyperphosphorylated ␥-isoform to total 4E-BP1 and total 4E-BP1 level normalized by GAPDH are shown. Western blot analysis of mTOR phosphorylation and total mTOR (C), 4E-BP1 (D), and T389 S6K1 phosphorylation (E) in 12-wk-old male mice after 21-h fasting then 3-h refeeding. *P Ͻ 0.05, n ϭ 8 for WT and 5 for R6/2. mice. Protein profiling of whole tissue lysis using silver staining of SDS-PAGE revealed no large differences in major protein bands (data not shown), suggesting that muscle atrophy in R6/2 mice did not result from specific degradation of major muscle structural proteins but resulted instead from approximately proportional losses of all cellular proteins.
The UPS is thought to be a major pathway for proteolysis in skeletal muscle under catabolic conditions, and atrogenes such as MuRF1 and MAFbx are expressed specifically in striated muscle and are central players in the UPS-regulated turnover of sarcomeric proteins (7, 28, 60). MuRF1 and MAFbx are upregulated at the transcriptional level in various human and rodent models of muscle atrophy including fasting (66, 67, 69) . As shown in Fig. 5C , MuRF1 mRNA did not differ between the two genotypes in the randomly fed state and was increased about fivefold during a 21-h fast from the random-fed baseline in WT mice; however, this increase was markedly attenuated in R6/2 mice. MuRF1 mRNA expression was markedly downregulated by 3-h refeeding in both genotypes, and its expression was 50% lower in R6/2 than in WT mice during refeeding. Fig. 5 . Altered urinary molar 3-methyhistidine/creatinine ratio (A) and muscle mRNA expression of atrogenes muscle ring finger-1 (MuRF1; B) and muscle atrophy F-box (MAFbx; C) in gastrocnemius of randomly fed, 21-h-fasted and 3-h-refed R6/2 mice. In A, n ϭ 10 for WT and 9 for R6/2 mice. In B and C, P Ͻ 0.05 between groups with different letters; for WT, n ϭ 4, 4, and 5, and for R6/2 mice, n ϭ 5, 6, and 6 in fed, fasted and refed states, respectively. The change in MAFbx mRNA was comparable to that in MuRF1 mRNA (Fig. 5C) .
Elevated apoptotic signaling in skeletal muscle of R6/2 mice. Elevated apoptotic signaling has been observed in several catabolic states of skeletal muscle such as aging, sepsis, cancer cachexia, burn injury, and denervation (2, 17, 53) . We therefore investigated whether apoptotic signaling is altered in R6/2 mice. Using an apoptotic pathway-specific qRT-PCR array, we measured mRNA expression of apoptotic genes in the gastrocnemius (Table 1) . Compared with WT controls, mRNA levels were increased about twofold for caspase-1, -3, and -6 and 4.5-fold for caspase-9 (due to the variation and small sample size, some changes did not reach statistical significance, but a tendency was noted). The mRNA level of Cradd, which is associated with caspase-2, was about twofold higher. The mRNA levels for the death receptor Fas (CD95/Apo1), its ligand FasL, and death domain and binding cofactor FADD were increased 1.6-to 3.8-fold. The GAPGH mRNA abundance was significantly decreased in muscle of R6/2 mice, consistent with a microarray study (55) and an ϳ10% decrease in GAPDH protein expression (Figs. 3B and 4A and quantitative data not shown). These data suggest that gene expression of apoptotic signaling components was coordinately upregulated in skeletal muscle.
When measured using Western analysis, protein expression of procaspase-9 and -3 in R6/2 mice was increased and 3.5-and 1.7-fold, respectively, compared with WT mice (Fig. 6A,  top) . Protein expressions of Fas and FADD were increased 2.3-and 2.8-fold, respectively, in R6/2 mice (Fig. 6A, bottom) . Finally, caspase activity was directly determined, and we found that the activity of caspase-3/7, -8, and -9 was increased fourto sixfold (Fig. 6B) . However, despite a marked increase in the activity of several caspases, the activated forms of caspase-3 and -9 using the procaspase antibodies could not be detected in muscle samples of R6/2 mice. Nonetheless, the levels of mRNA, protein, and activity of several caspases were consistently elevated in R6/2 mice.
We next examined the possible involvement of mitochondrial dysfunction in mediating the increased apoptotic signaling in R6/2 mice. Cytochrome c (Cyt C) is a small heme protein found loosely associated with the inner membrane of the mitochondria, and it is an essential component of the electron transport chain involved in oxidative phosphorylation and ATP synthesis in mitochondria. Cyt C is released from mitochondria in response to proapoptotic stimuli and activates caspase-9 and -3, the executive caspase initiating cell killing (34) . We isolated the cytosolic and mitochondrial fractions from fresh quadriceps muscle and performed Western blot of Cyt C in both fractions (Fig. 6C ). Cytosolic Cyt C protein level was 3.6-fold higher in R6/2 than in WT mice, whereas the amount of mitochondrial Cyt C was decreased 67% in R6/2 mice, suggesting an elevated Cyt C release from mitochondria to cytoplasm in skeletal muscle of R6/2 mice.
Finally, we examined apoptosis in situ using the TUNEL assay. As shown in Supplemental Fig. S4, A and B , the number of TUNEL-positive nuclei was increased, as demonstrated in representative sections of skeletal muscle of 8-wk-old R6/2 mice. We also assessed muscle morphology using electron microscopy (EM). EM showed multifocal degeneration of sarcomeres within myofibers with hydropic degeneration of the sarcoplasm and probable dilatation of sarcoplasmic reticulum and mild Z-line streaming in the gastrocnemius of 12-wk-old R6/2 mice ( Fig. 6D and Supplemental Fig. S4C ), suggesting a possible myocyte death, and this abnormity was not observed in WT and 8-wk-old R6/2 mouse muscle. Muscle degeneration detected in muscle of 12-wk R6/2 mice is consistent with an age-dependent decrease in the muscle fiber diameter previously reported in R6/2 mice (45) .
Elevated autophagy signaling in skeletal muscle of R6/2 mice. To investigate whether autophagy is involved in muscle wasting in HD, we analyzed protein expression of key players involved in autophagosome formation (Fig. 7) . The microtubule-associated protein light chain LC3 is essential for the expansion of autophagosomes. The cytosolic form LC3B-I and the lipidated membrane bound form L3CB-II were increased 2.8-and 3-fold, respectively, in gastrocnemius of R6/2 mice compared with WT controls. However, the LC3B-I/LC3B-II ratio did not differ between the two groups. Beclin-1, which is associated with multimeric complex of macroautophagy regulatory proteins, was 22% higher in R6/2 mice. Also, the atg7 protein, which initiates the conjugation of atg12 to atg5 and LC3 to phosphatidylethanolamine, was 93% higher. Likewise, atg5, a protein essential for autophagosome precursor expansion and completion through a ubiquitin-like conjugation system was increased 45% in R6/2 mice. Thus, these data clearly demonstrate that signaling molecules of autophagy were elevated in skeletal muscle of R6/2 mice.
DISCUSSION
In the present study, we confirm and provide further evidence that R6/2 mice exhibit a profound peripheral phenotype that is characterized by catabolic symptoms of body weight loss, increased adiposity, severe muscle wasting, and elevated energy expenditure. The alterations of these parameters appeared to be age dependent. The accumulation of fat mass was detected as early as 4 wk of age in male mice, likely contributing to an increase in total body weight in 8-wk-old female R6/2 mice compared with WT littermates. The increased adiposity in R6/2 mice likely results from defective lipolysis (18) . Starting at 8 wk of age, these animals displayed rapid body weight loss, decreased lean mass, and neurological abnormalities such as trembling and motor imbalance and died between 12 and 15 wk (8, 36) . At 12 wk, body weight-normalized skeletal muscle mass (gastrocnemius and quadriceps) was 25% http://ajpendo.physiology.org/ lower in R6/2 mice along with increased body fat and unaltered weights of other organs (Fig. 1D) , suggesting that muscle wasting is a major cause of body weight loss. Another reason for the weight loss is the negative energy balance due to elevated whole body energy expenditure, which is often observed in a variety of catabolic conditions. While the R6/2 mouse is an acute model of HD with rapid occurrence of typical clinical symptoms, their severe muscle atrophy prompted us to investigate the underlying molecular mechanisms by which skeletal muscle mass was dramatically reduced in such a short period of time. Muscle mass is maintained through a complex signaling network regulating muscle protein metabolism as well as myocyte degeneration and regeneration (46, 63) . Most catabolic muscle wasting disorders exhibit a profound decrease in muscle protein synthesis. However, in the skeletal muscle of R6/2 mice there was an increase in protein synthesis and mTOR signaling, suggesting that the mechanisms must be different. We observed elevated mTOR signaling not only at the basal level but also in response to refeeding (Fig. 3) and leucine or insulin administration (data not shown) in the HD transgenic mice. Interestingly, we found that Akt protein expression and Akt phosphorylation in the basal condition (Fig. 4A ) and when stimulated with insulin (data not shown) were markedly enhanced in muscle of R6/2 mice. Additionally, we found that basal AMPK phosphorylation in muscle was decreased, suggesting diminished AMPK activity. Both findings provide a molecular basis for the elevated mTOR signaling observed in muscle of these Fig. 6 . Elevated apoptosis signaling and mitochondrial cytochrome c (Cyt C) release in skeletal muscle of R6/2 mice. A: Western blot analysis of procaspase-9 and -3 in gastrocnemius and quantitative protein level normalized by Ponceau S staining for caspase-9 or unnormalized arbitrary units (AU) for caspase-3 (top). *P Ͻ 0.05 for caspase-9, n ϭ 9 for WT and 7 for R6/2, and for caspase-3, n ϭ 8/group. Western blot analysis of Fas and FADD in gastrocnemius and representative ␣-tubulin as a loading control are shown (bottom). *P Ͻ 0.05, n ϭ 8/group. B: elevated activity of caspase-3, -8, and -9 were found in gastrocnemius of R/2 mice. *P Ͻ 0.05, n ϭ 11 for each group. C: increased Cyt C release from mitochondria in quadriceps of R6/2 mice. Mitochondrial and cytosolic fractions of fresh quadriceps were isolated, and Western analysis was performed on each fraction; quantitative protein levels normalized by Ponceau S staining as a load control are shown. *P Ͻ 0.05, n ϭ 9 for WT and 7 for R6/2 mice. D: representative electron microscopy revealed a degenerative myocyte with a relatively normal neighboring cell in R6/2 mice (right) and healthy myocytes in WT mice (left).
animals. Increased protein synthesis most likely results in elevated energy expenditure in R6/2 mice, as we recently demonstrated markedly increased energy expenditure associated with the activation of a futile protein turnover cycle in mice with disrupted first step of BCAA metabolism (51) .
The decreased urinary 3-MH excretion and the tendency for a lower 3-MH/creatinine ratio, indexes of myofibrillar proteolysis, were unexpected. It has been shown that a nonlysosomal Ca 2ϩ -independent process is responsible for a rapid loss of cellular protein and dramatically elevated 3-MH in a denervated muscle model (19) . It has been also reported that glucocorticoids activate the ATP-dependent and UPS-mediated proteolysis in skeletal muscle during fasting and that MuRF-1 and MuRF-2 together target a specific set of myofibrillar proteins, and MHC is a specific MuRF1 substrate (12, 66, 67) . Additionally, it was shown that recombinant caspase-3 cleaved actomyosin, producing a characteristic, ϳ14-kDa actin fragment (15) . Thus, it appears that the UPS, not apoptotic activation, promotes selective myofibrillar proteolysis, which is associated with elevated 3-MH release. Our observation of lower MuRF1 and MAFbx gene expression during fasting and refeeding as well as lower urinary 3-MH in R6/2 mice agrees with relatively unaltered levels of MHC measured using immunoblotting and other major muscle proteins detected by silver staining (data not shown). Collectively, these data suggest that activation of the UPS is unlikely responsible for muscle atrophy of R6/2 mice.
Autophagy promotes bulk intracellular degradation of proteins and organelles and is stimulated in skeletal muscle under numerous pathological conditions (5) . In a fly model of the neurodegenerative disease spinobulbar muscular atrophy, a compensatory autophagy was induced in response to impaired UPS function in a microtubule-associated histone deacetylase (HDAC6)-dependent manner (43) . We demonstrated that protein expression levels of several key players in autophagy, such as LC3B-I and II, beclin, atg5, and agt 7, were all elevated in skeletal muscle of R6/2 mice (Fig. 6) , suggesting a possible altered autophagic flux in HD mice. Heng et al. (22) recently showed early and sustained increased LC3-I, LC3-II, and p62 in brain of the HD knock-in HdhQ200 mouse model. It was also reported that, although there is an increased formation of autophagic vacuoles in HD cells, cargo is inadequately loaded into autophagosomes (39) . How is autophagy signaling stimulated in muscle of R6/2 mice? Our finding of Akt and mTOR overactivation in muscle of R6/2 mice appears to contradict increased autophagy, because Akt inhibits autophagy by blocking FOXO3 (38) . However, activation of IRS-2 by the insulin/ IGF-I signaling cascade was reported to induce a macroautophagy-mediated clearance of the accumulated mHtt protein independently of Akt/mTOR activation (70) . Thus, it remains to be determined whether autophagy is stimulated by this mechanism in muscle of R6/2 mice. Alternatively, endoplasmic reticulum (ER) stress due to a drastic defect in ERassociated degradation caused by misfolded proteins could initiate macroautophagy, as previously postulated (14, 16) . A growing body of work in HD models suggests altered autophagy in response to mutant polyQ proteins and supports the view that increased autophagy is an important cytoprotective response to expanded repeat polyQ proteins in neurons (26, 39, 43, 44, 47) . However, the role of autophagy in wasting skeletal muscle of HD is unclear, i.e., whether autophagy prompts cell survival, or autophagic cell death contributes to muscle atrophy as shown in some forms of neurodegenerative diseases and myopathy, and further studies are warranted (4, 57) .
We detected significant increases in several markers of apoptosis in skeletal muscle of R6/2 mice. Increased caspase mRNA, protein and activity, and protein levels were consistently observed; mRNA and/or protein expression of Fas, FasL, and FADD, and other related genes was also increased, suggesting a possible activation of the death receptor extrinsic apoptotic pathway. Moreover, Cyt C release from mitochondria to cytosol was dramatically elevated. These in vivo data are in accord with the observed mitochondrial depolarization, Cyt C release, increased caspase-3, -8, and -9 activity, and defective cell differentiation in cultures of primary muscle cells from HD subjects (11) . Elevated apoptotic signals were found in other HD cell types, such as increased Bax expression in B Fig. 8 . Model of mechanisms underlying muscle atrophy in R6/2 mice. 3-MH, 3-methyhistidine; ER, endoplasmic reticulum; htt, huntingtin; UPS, ubiquitin proteasome system; PGC-1␣; PPAR␥ coactivator-1␣. Dark and light gray denote decrease and increase, respectively, in activity, gene expression, or exerting strength. Solid line, findings established in this study or in the literature; dotted line, not-yet-established but probable links. Arrow and Ќ, stimulation and inhibition, respectively. and T lymphocytes and monocytes from HD patients (1) as well as in the cortex of R6/1 HD mice (56) . Increased Cyt C release from mitochondria and caspase-9 and -3 activity were reported in striatal neurons from HD patients and R6/2 mice of severe neuropathological grades (31) . Stress-induced apoptotic cell death was found to be associated with caspase-3 activation and mitochondrial depolarization in lymphoblasts derived from HD patients (49) . Furthermore, transgenic HD pigs, unlike mice expressing the same transgene, display typical apoptotic neurons with DNA fragmentation in their brains with activated caspase-3, although it is unknown whether this more severe apoptosis causes the death of these pigs at a very early age (71) . Importantly, it was shown that neuro2a cells that express truncated NH 2 -terminal huntingtin (tNhtt) exhibited accumulated polyubiquitin-conjugated tNhtt and decreased proteasomal activity as well as increased Cyt C release and activated caspase-9 and -3-like proteases (29) . Thus, our data and others' consistently demonstrate activated apoptotic signaling events in cell and animal models and patients of HD. Although our EM results showed relatively normal nuclear DNA at the light microscope level, TUNEL-positive skeletal fiber nuclei were prevalent in muscle of R6/2 mice.
In summary, we have found that R6/2 mice exhibit muscle atrophy and apoptotic activation in the face of elevated protein synthesis as well as increased energy expenditure and adiposity. Mitochondrial dysfunction resulting from AMPK deactivation and peroxisome proliferator-activated receptor-␥ coactivator-1␣ (PGC-1␣) downregulation might be central to these metabolic perturbations. Our data suggest complex interplays among the four signaling pathways of UPS, autophagy, apoptosis, and protein synthesis in skeletal muscle of R6/2 mice (Fig. 8) . Mutant mHtt may induce ER stress as a primary trigger of autophagy activation to clear protein aggregates (61) . Decreased energy production due to mitochondrial dysfunction in the face of elevated energy expenditure, which is associated with increased protein synthesis, could create an energy deficit, eventually leading to apoptotic muscle atrophy in HD. It has been shown that impaired mitochondrial biogenesis resulting from transcriptional repression of PGC-1␣ by mHtt in neurons, fat cells, and muscle plays an important role in HD pathogenesis (9, 13, 65) . We now provide additional evidence of the deactivation of AMPK in muscle of R6/2 mice, consistent with unresponsive AMPK activation to chronic energy deprivation induced by a catabolic stressor, ␤-guanidinopropionic acid, in NLS-N171-82Q HD mice (9) . AMPK is essential for mitochondrial biogenesis and regulation of PGC-1␣, and PGC-1␣ overexpression was shown to improve sarcopenia (25, 27, 64, 73) . Therefore, it is imperative to determine the mechanisms underlying AMPK deactivation and PGC-1␣ downregulation and whether reactivation of AMPK and PGC-1␣ can treat muscle atrophy of HD in animal models by improving mitochondrial function and deactivating apoptotic signaling in R6/2 mice.
